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Abstract 
We  have  studied  the  propagation of subpicosecond elec- 
trical pulses on coplanar superconducting Nb transmission 
lines. Pulses with 0.6 ps full width at half maximum were 
generated by photoconductively shorting a 10 pm region 
between two charged 1 to  5 pm lines separated by a  2 t o  10 
pm gap.  The  propagating  pulses  were  sampled by the delayed 
shorting of a  fast  phototconductive  switch  between  a  sampl- 
ing  probe  and  one of the transmission  lines at variable dis- 
tances  away  from  the  generation  point.  Silicon-on-sapphire 
wafers  served as the transmission line  substrate,  with  the 0.5 
pm thick Si layer  heavily  damaged by  an  oxygen  implant t o  
provide  the subpicosecond carrier  life  time  for  the  excitation 
and probe switches. Measurements and analyses of pulses 
propagated  up to  8 mm distance at  temperatures  from  2  K  to 
10 K  showed a threshold  for  strong  attenuation  and 
dispersion at a frequency  reflecting the onset of pair  breaking 
in  the  superconducting  transmission lines. The  results at least 
qualitatively  confirm  the  superconducting  microstrip  trans- 
mission  line  calculations of Kautz  based  on Mattis and 
Bardeen's formulae for the complex conductivity of super- 
conductors. 
I. Introduction 
It is  well  known that superconducting  transmission  lines 
are  superior t o  their  normal  metal  counterparts  because of 
their  nearly lossless and  dispersion-free  pulse  propagation  for 
pulses with frequency components less than the supercon- 
ducting  gap  frequency.'  Theoretical  calculations of pulse 
propagation  with  frequency  components  exceeding  gap  fre- 
quency have been carried out by Kautz2 using the Mattis- 
Bardeen  formulae3  for the complex  conductivity  of 
superconductors.  Kautz  predicted  that  the  strong  dispersion 
and  attenuation due to  pair  breaking  would  cause  progressive 
pulse  degradation  such  as  the  reduction of pulse  height  and 
the  occurence of trailing  edge oscillations. For  typical 
superconducting  transmission  lines  made of Nb or Pb alloys, 
subpicosecond  pulses  and  sampling  capabilities are  required 
to  explore these pair breaking effects. Only recently, were 
such  capabilities  demonstrated  using AI coplanar  trans- 
mission lines with subpicosecond photoconductive switches 
for pulse generation and de te~ t ion .~  We have applied these 
techniques to  study  pulse  propagation  on  coplanar  supercon- 
ducting Nb transmission lines.5 A  different  optical  sampling 
method  has  been  used to  study  the  propagation of fast-rise- 
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time  steps  on  superconducting  Pb-alloy  transmission lines by 
Dykaar et a1.6 In this  paper,  we will briefly  describe the ex- 
perimental  technique,  and  present  some  experimental  results 
and  comparison to  the calculation of Kautz. 
11. Experimental  Details 
The  transmission  line  geometries  we  studied  consisted of 
two  or  three  equal width parallel Nb lines separated by gaps 
that  were  twice  the  metal  line  width. High  quality Nb films 
were e-gun evaporated on commercial silicon-on-sapphire 
(SOS) wafers.  Liftoff  techniques  were  used to  pattern 
transmission Iine structures in thin Nb films (70 to  80 nm) 
and plasma  etching  was  used  for  thicker  Nb  films  (150  and 
300 nm). After  the  Nb  deposition  and  patterning,  the sam- 
ples  were  implanted  with 0' at 100 and 200 keV. The im- 
plant  dosage ( l O I 5  cm-*)  and  energy  were  chosen to  damage 
the Si epilayer heavily and uniformly so that the photo- 
excited  carrier  lifetimes  were  shortened  into  subpicosecond 
region. The  implant  also slightly degraded  the T, of the  Nb 
film  from 9.4 K to 8.9 K in the worst  case. 
For low temperature  measurements,  the  transmission line 
samples were mounted on a cryostat insert with low fre- 
quency leads connected to  the transmission lines and the 
sampling probes. An optical dewar positioned on the same 
optical  bench  with  the  laser  source  was u ed to  cool the sam- 
ple  with  forced  flow of cold He vapour.  Temperature  regu- 
lation  was  achieved by a  feedback  controlled resistive heater 
embedded in the copper  sample  mount. 
There  are  several ways to  generate  and  sample  electrical 
pulses on the transmission  line^.^.^ Our prefered  method4J is 
illustrated in Fig. 1. The transmission  line is charged  with  a 
dc  voltage  bias (1 to  22 V). Focusing a beam of laser pulses 
on  a spot  between  the  two charged  lines  causes  momentary 
local discharges to  generate electrical pulses, We call this 
"sliding contact" pulse  generation  since  the  generation  point 
can be arbitrarily moved along the transmission line. The 
pulse  sampling  was  usually  achieved  by  connecting  one of the 
two  lines to  an electrical  probe  via  a  fast  photoconductive 
switch, i. e. the sampling "gap", driven by a second time- 
delayed  beam of the same laser pulse train.  The  laser  source 
used for this experiment is a compensated, colliding pulse, 
passive  mode-locked  dye  laser  producing 80  fs pulses at a  100 
MHz  repetition  rate  with  a typical  average  power of 10 mW. 
The  details of electrical  measurement setup  are  the same as 
described in Ref. 4. It is  worth to  note  that  this 
optoelectronic  sampling  technique  is  quite  suitable  for  fast 
electrical  measurements  inside  a  dewar  since  only  slow  signals 
(0 to  2 kHz) have to  come out. 
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response function of the sampling gap with the response 
function of the generation  contact.  Fig.  2(b)  shows  the  sam- 
pled  pulse  shape after 2 mm propagation.  Compared to  Fig. 
2(a),  the  propagated pulse  showed  a slight reduction  (about 
20 Yo) in pulse  height  and  clear  oscillations on the  trailing 
edge.  Qualitatively  it  represents  an  excellent  agreement  with 
Kautz's  calculation. 
Using the Fourier transform technique of Halas, et a1.,8 
the  amplitude  spectra of both  the  input pulse and  the  propa- 
gated  pulse are shown in Fig.  3(a).  From the'complex Fourier 
spectra  the  absorption  and phase-shift  curves for  the  propa- 
gated  pulse  were  calculated and  are  presented in Fig. 3(b)  and 
3(c).  In  the  absorption  curve,  the  attenuation  is very  weak 
for low  frequencies  and  turns  on  sharply  at  about 0.7 THz, 
corresponding to  a  superconducting  gap of 2.8 meY  which is 
consistent  with  the  value  expected  for  the  damaged  thin Nb 
film.  The drop of absorption  for  the  highest  three  frequency 
points  is  probably  not  real because the  spectral  amplitudes 
of the  input pulse at these  frequencies  are  practically  down 
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Figure 1. Top  view  of the transmission  line  geometry 
showing the movable  excitation  spot  (sliding  contact)  and 
the sampling  gap. 
III. ExDerimental  Results 
Figure 2 shows some typical examples of the sampled 
electrical pulses propagating on a two-line coplanar trans- 
mission  line with  a 5 pm lineowidth  and a 10 pm spacing. The 
Nb film  thickness  was 800 A with a normal state low  tem- 
perature  resistance of 170 61 / mm. After  implant  the T, of 
this Nb film was 8.9 K. Fig. 2(a) shows the sampled pulse 
shape at 2.6 K when the  generation  and  sampling  positions 
were  very  close to  each  other (less than 0.5 mm). For very 
short  propagation  distances the  electrical  pulse  can  be  con- 
sidered  areplica of the reponse  function of the  fast 
photoconductive  switch  since it is  excited  by  nearly a delta 
function laser  pulse.  Fig. 2(a)  represents  a  convolution of the 
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Figure 2. Initial  electrical  pulse  (a),  and the same  pulse af- 
ter propagation of 2 mm on the Nb line at 2.6 K (b). 
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Figure 3. The amplitude spectra (a) of the initial pulse 
(circles) and the propagated pulse (squares) from Fig. 2, 
and the absorption  curve (b) and the relative  phase  shift  (c) 
of the propagated  pulse  calculated  from the spectra. 
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to the noise level. Except for these three  points,  the absorp- 
tion curve is in good agreement with 'the calculation by 
Kautz.  The  relative phase  shift  shown in Fig. 3(c)  is propor- 
tional to the  product of the frequency  and the  relative change 
in  phase  velocity. The  sharp decrease  near 0.7 THz shown in 
the figure represents a  reduction in phase  velocity as  the  fre- 
quency approaches  the gap  frequency, which agrees 
qualitatively with Kautz's calculation for a specific micro- 
strip  line geometry. Quantative comparison  can be made only 
after a  specific  calculation for  our transmission  line  geometry 
is done.  Although the increase of the  absorption at the gap 
frequency may be more impressive than  the decrease of the 
relative phase shift, we would like to point out that  the  trail- 
ing  edge  oscillation shown in Fig. 2(b)  is almost  entirely due 
to the change of phase. To prove this  point, we performed 
an inverse Fourier  transformation  with  the phase shift  shown 
in Fig. 3(c)  but  without  the  absorption shown  in Fig. 3(b). 
The resulting artificial pulse shape  has  a trailing edge oscil- 
lation very much like the real one. And also, the inverse 
Fourier  transform performed with  the  absorption only does 
not show any oscillation. 
In Fig. 4(a),  two  additional  amplitude spectra corre- 
sponding to similar sampling measurements taken at two 
higher temperatures, 6.0 K and 7.6 K, are shown together 
with  the  amplitude spectra of 2.6 K and  the  input pulse. The 
resulting absorption spectra (Fig. 4(b)) for these,different 
temperatures clearly  indicate that  the  absorption edge moves 
towards  lower frequency as  temperature rises towards T, . 
The frequencies of these three absorption edges do  match 
reasonably well to the calculated  superconducting gaps at  the 
corresponding  temperatures. 
IV. Theoretical  Considerations 
Pulse propagation on transmission  lines  can  be modelled 
by the one  dimensional  wave equation with  damping due to 
the metals: 
a2v a2v dV -= LC- + zc-, 
ax2 at2 at 
where C and L are  the  capacitance  and  the  inductance  per 
unit  length  respectively,  and  Z is  the series  impedance of the 
conductors per unit length. To use this simple equation, 
lossless and dispersion-free substrate  and negligible radiation 
loss in the frequency  range up to 1 THz are assumed. From 
Eq. (l), a dispersion equation of the complex wave  number 
k  and the angular  frequency w is given by : 
k2 = w2/s2 - iwCZ, (2) 
where s = l/(LC)I/*, is the propagation  velocity of the 
transmission line without series impedance Z. For normal 
metal transmission  lines,  Z is mostly  resistive but can  be fre- 
quency dependent due to  the skin depth effect.5 For super- 
conductors, an explicit formula for Z is available for the 
microstrip geometry' but not for  the coplanar  geometry used 
in our experiment. However, following similar arguments 
given for  microstrip transmission  lines, it  is not difficult to 
see that 
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Figure 4. Amplitude  spectra (a) and the absorption  curves 
(b) for the Nb transmission  line at temperatures of 2.6 K, 
6.0 K, and 7.6 K showing the shift of the superconducting 
gap. 
where 1, is a  geometry-dependent characteristic length of the 
transmission line cross  section and Z, is  the surface  impedance 
of the  superconductor, given approximately by 
where u is the complex conductivity of the superconductor 
and 1, is  another orthogonal  geometry-dependent character- 
istic  length of the transmission  line  cross  section. p and h are 
the permeability and the London penetration depth of the 
superconductor. Using Mattis-Bardeen's formulae for u at 
low  temperatures, we have 
o/oN - 0 - i.rrA/hw; for w < 2A ( 5 )  
where uN is  the normal state conductivity of the supercon- 
ductor.  Substituting Eq.(S) in Eq.(4) leads to 
Z, - iwph,, coth(l,/h),  where 
Aeff = A / ( 1  + /6 1 , 2 2 1/2 ( 6 )  
with 6 = f i / (~ rApu~)~ '~  being the skin depth near the gap 
frequency.  Inserting this  approximate formula for Z, in 
Eq.(2),  the linear  relationship  between  k  and w is recovered 
with a slightly slower  propagation speed due to the  additonal 
dynamic inductance associated with  the supercurrent flow in 
the superconductors. 
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If the cross sectional dimensions become much smaller 
than  either  the  penetration  depth or the skin depth,  then we 
have  another simple  expression for  the series  impedance  per 
unit length, Z = iop;\;ff/A where A is the cross sectional 
area of the transmission line. This also gives lossless and 
dispersion-free  transmission for frequencies  less than  the  gap 
frequency. Both of these  simple  expressions  predict that 
superconducting  transmission  lines are miniaturizable  while 
the  normal metal  lines may become too lossy to transmit  fast 
pulses.5 
V. Conclusions 
We have  demonstrated  subpicosecond  electrical  sampling 
capability at  cryogenic  temperatures  and used it to study  the 
subpicosecond  pulse  propagations on coplanar  superconduct- 
ing Nb transmission lines. We observed good pulse propa- 
gation  with  very  little  attenuation below the superconducting 
gap frequency but  strong  attenuation  above  it. Clear  trailing 
edge  oscillations due  to  the dispersion  near the  gap frequency 
were  also  observed.  Both  phenomena are  in good qualitative 
agreement with Kautz's calculations. Dispersion-free pulse 
propagation  can be  extended to above 1 THz  from  the present 
0.7 THz if larger  gap  superconducting  material  is  used,  such 
as NbN. Once such dispersion-free propagation is estab- 
lished, it should be possible to  use this  method to do 
spectrascopic  measurements of any  dielectric  material  in  the 
frequency  range of 1 GHz  to 1  THz. 
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